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We report the observation of spin echoes resulting from the time reversal of isotropic many-body spin couplings in zero-field NMR. The coherent-averaging pulse sequences responsible for the scaling and the time reversal of isotropic interactions of first and second rank are based on cubic and icosahedral symmetry.
PACS numbers: 33.25.Fs, 76.60.Lz Among the most extraordinary phenomena in nuclear magnetic resonance (NMR) is the spin echo [1] . Although the original spin echo and its analogs in other areas of spectroscopy [2] result from reversing the dephasing due to independent, "inhomogeneous" interactions, a true many-body spin echo resulting from a reversal of the (seemingly irreversible) decay due to "homogeneous" spin-spin couplings has been demonstrated [3] .
The phenomenon occurs in high magnetic field and can be thought of as arising from a reversal of the sign of the Hamiltonian describing the truncated spin-spin couplings [4] , thereby reversing the evolution of the spins. Such time-reversal eAects, induced by coherent averaging under sequences of radio-frequency pulses [5] , have made possible a number of novel experiments including selec tive excitation of n-quantum transitions [6] . [8] .
Some spin interaction terms in high-field decoupling sequences can also be described as randomly oriented firstrank tensors, and iterative maps were designed according to a similar formalism based on cubic symmetries [9] .
In zero field, the spin interactions are coherently manipulated by applying magnetic-field pulses, traditionally called "dc pulses" [8] . These pulses rotate the full zerofield Hamiltonian, and, for a given rank of interactions, their effect can be written in terms of Wigner matrices. A linear combination of Wigner matrix elements acts as the transformation relating the zero-order average Hamiltonian to the free zero-field Hamiltonian, implying that the condition for isotropy is (D' ";(R;));=k(8 where (); is the average over i, and the R; =(co;,n;) are the rotations applied to the spin Hamiltonian, defined by the net rotation angles co; and the rotation-axis orientations n;. By taking the trace of both sides of (1), it is found that the scaling factor is related only to the characters of the Wigner matrices, which are independent of the n, [10] : condition of isotropy also constrains the n;. A wide range of solutions is allowed, some of the simplest based on group-symmetry arguments. Equation (1) can be decomposed into irreducible representations of SO (3), yielding ranks X =0-2l [10] . Thus, for both first-and second-rank interactions, icosahedral distributions of n; readily satisfy (1) and generate isotropic sequences (the icosahedral symmetry averages out all terms from X=1 to 4) [11] .
For example, in "zero-field NMR in high field" [12] ,contiguous magnetic pulses of net rotation 2nz applied along the fivefold axes of an icosahedron provide an isotropic scaling by (ki, kq) =( -, ', -, ' ) as shown by point F. in Fig.  1 . In practical applications, it is much more convenient to use sequences based on cubic symmetries (i.e. , involving only x/2 pulses along x, y, and z) [8] . Thus, the R; are chosen among the 24 rotations of the cubic group, and combined to yield isotropic sequences. However, the range of accessible scaling factors reduces as compared with the general limits given by (3) [13] . For instance, the optimum time-reversal scaling reduces from -4 to in the cubic cases (points D and F in Fig. 1 ).
Decoupling sequences occur when a scaling factor vanishes, and the isotropic scaling formalism predicts that rank-selective decoupling can be achieved between firstand second-rank interactions (regions A and 8 in Fig. 1 ).
An example, using icosahedral symmetry, is provided by the following sequence: a sequence of twelve ir/2 pulses along the x, y, and z directions [8] . ' ), scaling factors for "zero-field NMR in high field" [12] ; F, ( -, ', --, ' ), optimal time-reversal scaling for I =2 interactions under sequences involving only x/2 pulses along x, y, and z.
x"-[r-(rr/2), , 4r-(x/2) -r-(n/-2)"-4r-(ir/2), -r -(zr /2) 4r -( /2)i,rr-(x/2-) y 4r -(n-/2) -y r-( /2ir)--, -4r -(x/2) "-r --(n/2), -4r -(n'/2) (6) The time-reversal sequence (5) was demonstrated on the proton NMR of a liquid water sample in an inhomogeneous residual field generated by deliberately setting the zero-field shimming coils away from their optimal values. The residual field varied in both magnitude and orientation over the sample. To observe the effect of time reversal, we generated an echo, as shown in Fig. 2 Time reversal for second-rank interactions (kq = --, scaling) is given by the sixteen-pulse sequence (x/2) --(x/2) -, , -[r -(n/2) -r (n/-2)r-r -(rr/2)"-2r-(x/2), -r -(rr/2) r r (rr-/2-) r-(r-r/2)y-2r -(rr/2)yr (rr/2) -r (rr/-2) --J -r -(n/2) --2r -(rr/2) -. , -r -( r/ r2)~r -(rr/-2) "r--( -r/r2) -, -2r -(rr/2) -]"-(rr/2), -(rr/2) (7) This sequence isotropically scales first-rank interactionsb Fig. 1 ). In this process, the Hamiltonian is rotated by all of the six rr/2 and the eight 3x/2 rotations of the cubic group, with relative weights 2 to 1, respectively [13] . The time reversal of zero-field dipolar couplings using sequence (7) was demonstrated on a sample of solid adamantane, generating an echo after the free induction decay, as shown in Fig. 3 . This echo sequence is an isotropic, zero-field analog of the "magic sandwich" in high field [3] . As for first-rank interactions, a secondary echo was also obtained by further application of the sequence followed by a free evolution.
The experiments were carried out on a modified version of our zero-field spectrometer [14] . The sample polarization was prepared and monitored using field cycling with a sample shuttling system [7, 14] , and the zero-field evolution was initiated and terminated by the sudden switching of a inagnetic field (along the main z axes) stronger than the local interactions [7] . Three class-A, dc to 1 MHz, 2-kW amplifiers were interfaced to the O. l-ps-resolution pulse programmer via 12-bit digital-to-analog converters. 
